multi-temporal LiDAR appears to be an appropriate tool for assessing forest disturbance and regeneration. 127
Indeed, Vepakomma et al. (2008 Vepakomma et al. ( , 2011 recently established that multi-temporal LiDAR can be 128 used to spatially characterise canopy gap dynamics in boreal forests. Gap creation at the site used in that 129 study was mainly due to fire and spruce budworm outbreaks. An object-based technique was applied to 130 small footprint LiDAR data to map canopy gaps of sizes ranging from a few square meters to several 131 hectares. Gap dynamics over a five year period were quantified using LiDAR-derived canopy height 132 models (CHMs) and this work indicates that there is considerable potential for developing LiDAR-based 133 approaches for monitoring gap dynamics in other forest types. Hence, the present study used multi-134 temporal LiDAR data for mapping the changes in gap and canopy properties, in a temperate broadleaved 135 deciduous forest. 136
LiDAR data acquisition and registration 137
LiDAR data were acquired in July 1997 and again in July 2007. The 1997 LiDAR data acquisition was 138 carried out by UK Environment Agency (EA) using an Airborne Laser Terrain Mapping (ALTM) 1020 139
(Optech, Canada). The 2007 LiDAR data was acquired by the UK Natural Environment Research Council 140
Airborne Research and Survey Facility (NERC ARSF) using an ALTM 3033 system (Optech, Canada). 141
Both systems recorded single (first) returns only. Table 1 presents the key survey and LiDAR instrument 142 parameters. While flight altitude differences were compensated for by the beam divergence differences, 143
leading to approximately equal footprint sizes, the differences in pulse frequency lead to a notable 144 difference in point density. Such differences are inevitable when using different generations of LiDAR 145 instruments and our method for accounting for this disparity is discussed later. The 2007 data were used 146 to generate a digital terrain model (DTM) because they were of higher point density and were collected 147 using the NERC ARSF aircraft which had a more sophisticated inertial navigation system and higher rate 148 GPS which, combined with post-processing using differential correction using GPS base station data, raster grids with a 1m resolution. An inverse distance weighted algorithm was used for interpolation as it 157 was previously found optimal for generating elevation models and minimising errors due to point density 158 differences in multi-temporal LiDAR data (Vepakomma et al. 2008 ). The pre-processing routines of both 159 EA and NERC ARSF, using inertial navigation and kinematic GPS data, ensured that both datasets were 160 georeferenced and this was confirmed by overlaying and visually comparing a vector map (from the UK 161
Ordnance Survey) of the major infrastructural features of the study site (e.g. roads, railways, tracks and 162 forest compartments) with the two DSM's. This revealed that the 1997 DSM had a small planimetric 163 offset (typically in the order of 1-2 pixels) from the 2007 and OS data, which were in agreement. This 164 offset may have resulted from factors such as the differences in pre-processing routines for the two data 165 sets or variability in atmospheric conditions or GPS configuration during acquisition (Katzenbeisser 166 2003). Therefore, using ground control points distributed across the study site, the 1997 DSM was 167 registered with the 2007 DSM using a second order polynomial transformation. Then to examine the 168 correspondence in elevation values between the two DSMs, 50 bare ground locations across the study site 169
were selected using the vector data for infrastructure such as forest tracks, with manual verification that 170 these were bare surfaces, using a subset of locations. At the bare ground locations, elevation values were 171 extracted from each of the DSMs and this revealed that there were no systematic offsets, with good 172 overall agreement (RMSE = 0.26m) between the DSMs. Therefore, the DTM was subtracted from the 173
DSMs from each year in order to derive two CHM's for the study site (Figure 1) . 174
[FIGURE 1] 175

Gap delineation 176
In this study, gaps were considered as canopy openings and areas of low vegetation and caused by single 177 and multiple treefalls. Hence, a minimum size threshold for a single treefall of 30m 2 was used to identify 178 gaps for subsequent analysis and a height of 4m was used as the threshold for distinguishing gaps from 179 canopy areas using the CHM. These thresholds were determined from previous work at the study site 180 2 ), and the underestimation may also lead to the artificial 206 separation of gaps that are connected by narrow corridors. Hence, it was felt that further analysis was 207 needed to fully account for the effects of differences in point density of the two LiDAR data sets. 208
By examining the two CHM's together with height transects across gap zones and the gap 209 delineations resulting from application of the 4m threshold, it was found that at the edge of gaps there was 210 typically a rapid decrease in height over the transition from tree canopy to gap in the original 2007 CHM, 211 whereas in the reduced point density CHM the rate of decrease in height was lower. This indicated that 212 the higher point density data was able to provide a better representation of the full extent tree crowns that 213 surrounded gaps. In testing various methods for accounting for this, it was found that a simple and 214 effective technique was to adjust the height threshold used for gap delineation. By iteratively adjusting the 215 threshold and observing the change on gap area delineated, it was found that an optimum threshold of 216 4.059m generated the equivalent gap area when applied to the reduced point density CHM as compared to 217 the 4m threshold applied to the original CHM (Figure 2 ). Hence, this optimised threshold for reduced 218 point density was applied to the CHM generated from the 1997 LiDAR data to generate a binary gap and 219 canopy map. Using the 1997 and 2007 gap and canopy maps, the area and perimeter of each gap was 220 determined and gap shape was quantified using the perimeter to area ratio (P:A). Several workers, such as 
Characteristics of gap dynamics 225
The multi-temporal LiDAR data were used to determine important characteristics that describe the 226 processes involved in gap dynamics. Within the study area, the characteristics defined were canopy 227 that have contracted by 2007 and entire individual gaps that were closed over the study period. Table 3  257 summarises the area and number of gaps involved in various types of change during the study period. The 258 results demonstrate that the total gap area created was considerably higher than total gap area lost over the 259 study period. The gains in gap area mainly resulted from the expansion of existing gap areas and most 260 gaps (86%) showed some areas of expansion, resulting from the loss of whole trees or branches at the 261 periphery of gaps. A considerable number of entirely new gaps were created; these were distributed 262 throughout the study site and ranged in area corresponding with the loss of individual and multiple trees. the distribution of canopy height increments (as highlighted on the histogram). Hence, given the evidence 287 from the literature concerning maximum growth rates and the break point in the histogram, a height 288 increment of 6m was identified as a threshold for separating gap areas that have filled due to regeneration 289 and lateral canopy expansion. 290
On this basis, Figure 7 represents gap areas that have contracted due to regeneration and lateral 292 crown expansion. Lateral crown expansions were generally located along the edges of continuing gaps 293 while regeneration mostly occurred within gaps away from the periphery, where maximum light levels 294
were available for promoting the growth of young trees. However, some regeneration occurred along the 295 periphery of continuing gaps. As Table 3 shows, a greater proportion of the contraction of existing gaps 296 was due to lateral crown expansion than regeneration. Table 3 also demonstrates that of the small 297 proportion of the total gap area lost due to entire gap closure, lateral crown expansion and regeneration 298 were equally responsible for this closure, with most gaps closing due to a combination of both processes 299 (only 9 of the 133 closures was entirely due to lateral crown expansion and 17 entirely due to 300 regeneration). 301
The purpose of this study was to understand the spatio-temporal characteristics of disturbance and 305 regeneration in broadleaved deciduous forests and thereby evaluate the applicability of alternative 306 conceptual models of these processes which have been developed in different forest types. In this respect 307 it is useful to provide some context for the present findings, by comparing our observations of gap 308 dynamics in broadleaved deciduous forests with those found in boreal forests. In the broadleaved 309 deciduous forest gaps tended to be larger than those in the boreal forest found in the recent study by 310 Vepakomma et al. (2008) . In the present study 45% of gaps had an area of 100m 2 or less, whereas in the 311 boreal forest 85% of gaps were 100m in the broadleaved deciduous forest experienced some contraction due to combined lateral crown 314 expansion and regeneration, whereas in the boreal forest only around half of the gaps experienced 315 contraction or closure. This may be because of the larger size of gaps within the broadleaved deciduous 316 forest providing opportunities for both crown expansion and regeneration. However, it might be argued 317 that such differences could also result from the longer time period over which the present study monitored 318 gap and canopy changes (compared to the 5-year sampling period of Vepakomma et al. 2008) 
starts to suggest that there may be fundamental differences between broadleaved deciduous and boreal 325 forests in terms of the disturbance and regeneration regimes. However, other information highlights the 326
similarities. 327
The key process that has been recorded in this study is that of the expansion of existing gaps, 328 which is much greater than new gap creation or gap loss. This has resulted in many areas of the forest 329 being dominated by many large, complex gaps which are created by the maintenance and progressive 330 enlargement of existing gaps, rather than rare large-scale disturbances such as windthrow which usually 331 results in gaps with a simple shape (Franklin et al. 1987) . Therefore the large, complex gaps could be 332 considered as 'chronic disturbance patches' (Forman & Godron 1986), whereby once a gap is created, it is 333 perpetuated by repeated disturbance. In the present study it was found that most large gaps experienced 334 some regeneration around the periphery and evidence for the suitability of gap edges for regeneration has 335 herbivores had a strong influence on regeneration in some parts of the study sites but little influence on 374 regeneration in areas of dense mature tree canopy, where light availability was the limiting factor. The 375 local variations in canopy structure and gap dynamics at the present study site appear to support this idea. 376
Consequently, it is possible to conceive of a mechanism which initiates and sustains a mosaic of different 377 disturbance and regeneration regimes. Within a small geographical area, such as that covered by the study 378 site, which has limited topographic variation, it is unlikely that there will be large spatial variations in tree Where tree growth is more successful, the zone may be less favourable to grazers (particularly large 385 herbivores) due to restricted accessibility and limited ground forage, and a dense closed canopy reduces 386 the susceptibility of individual trees to windthrow. In these zones tree death results in spatially-discrete 387 gaps which are quickly filled by lateral crown growth or regenerating trees which are subjected to reduced 388 grazing intensity. Where tree growth and viability is more limited, the zone may be more favourable to 389 grazers particularly due to more extensive understorey and ground layers, meaning that grazing becomes 390 spatially-focussed within these zones. The suppression of regenerating tree seedlings and the increased 391 susceptibility to windthrow around gap edges or of isolated trees sustains an open tree matrix structure in 392 these zones. Thus the development or maintenance of a disturbance and regeneration 'regime mosaic' 393 depends upon the characteristics of the component zones and the juxtaposition of zones with different 394 regimes within the mosaic. 395
Greater evidence is now required in order to substantiate the mosaic model proposed above. In 396 addition to further understanding the mechanisms which initiate and sustain different disturbance and 397 regeneration regimes, it is important that we investigate the interactions between zones with different 398 dynamics across a range of spatial scales, with most evidence coming from small survey plots. The 404 present study has highlighted the importance of placing our understanding of local scale dynamics within 405 a wider landscape context, because survey plots would not be large enough to capture the spatial extent of 406 the mosaic of disturbance and regeneration regimes that was found in this research. The results confirmed 407 that LiDAR data are valuable for mapping canopy gaps and monitoring long term dynamics in a spatially-408 comprehensive manner over a large area; this would be virtually impossible using field techniques. The 409 time span covered by available LiDAR data is currently restricted and such data cannot replace long-term 410 repeat surveys of permanent forest plots. Nevertheless, the growing availability of multi-temporal LiDAR 411 datasets presents an important opportunity to provide a spatio-temporal framework for further studies 
Conclusions 416
This study aimed to use evidence from temperate broadleaved deciduous forest to determine whether 417 disturbance and regeneration was best described using the recently-developed open matrix model or a 418 traditional model of discrete gap dynamics. By using multi-temporal LiDAR remotely-sensed data we 419 were able to quantify disturbance and regeneration over a 10 year period with fine spatial resolution 420 across a landscape scale. We found that both open matrix and discrete gap dynamics models could be 421 applied but they were each relevant to different zones within a mosaic that was distributed across the 422 landscape. Some zones were dominated by the maintenance and expansion of existing large and complex 423 gaps under a regime of chronic disturbance, resulting in a low tree cover. Several characteristics of the 424 gap and canopy changes indicated that regeneration was restricted and this may be attributable to 425 
